This paper presents a novel microfluidic chip that can achieve gas-liquid segment flow, plasma discharge, gas-liquid separation, liquid collect and mercury ion detection. Instead of using conventional chemical reaction method, this chip uses helium plasma as the reducing agent to reduce gold ion and synthesize gold nanoparticle (AuNP), such that there is no residual reducing agent in the solution after removing the electric field for plasma generation. The synthesized gold nanoparticles are further functionalized by 3-Mercaptopropionic acid (3-MPA) for mercury ion detection. The 3-MPA caped gold nanoparticles aggregate and result in the color change of the solution due to the existence of Hg 2+ . The absorption spectrum of the solution may shift form red to blue due to the cluster aggregation. The concentration of Hg 2+ can be quantitatively determined by UV-vis spectrometry and the limit of detection is found to be 10 -6 M (0.2 ppm). The developed integrated microfluidic device provided a simple and on-demand method for synthesis AuNPs and Hg 2+ detection in a single chip.
INTRODUCTION
Mercury ions (Hg 2+ ) has been reported as an environmental pollutant which is highly risky to human brain damage and physical health. There is an emerging need to develop a reliable way to quantify the Hg 2+ concentration for environmental protection and drinking water safety. Lots of method for detecting mercury ions has been reported using SERS, ds-DNA specific fluorescence, metallophilic reaction of nano-porous substrate [1] and colorimetry nano-particle aggregation [2] . Over these developed methods, nano-particle aggregation is one of the most promising approach since no delicate equipment is required for mercury ion detection. Hupp et al. proposed a spectrometry method to detect heavy metal ions using aggregation of gold nanoparticles. AuNPs were modified by organic molecule containing sulfhydryl and carboxyl groups, such as 11-mercaptoundecanoic acid (11-MUA) for chelating the dissolved mercury ions. The functionalized gold nanoparticles aggregate due to the coordination bond between the carboxyl group and the heavy metal ions [3] . The color changed due to the increasing size of NPs play the key role for this heavy metal ion detection scheme.
The typical way to synthesize gold nanoparticles is called Turkevich method which was developed by a Russian scientist John Turkevich in 1951. [4] This method used sodium citrate as the reducing agent to reduce Au 3+ in HAuCl 4 solution to form gold nanoparticles. The size of synthesized AuNPs ranged in 10-20 nm. In addition to the solution-based reaction system, an organic solvent based method for AuNPs synthesis was developed by Brust et al. in 1994 [5] . Aqueous gold ions of [AuCl 4 ] -were chemically reduced at aqueous-solvent interface and then transferred into organic solvent. In this approach, sodium borohydride is used as the reducing agent, and the size of synthesized AuNPs was ranging 1.0-5.0 nm which is much smaller than those particles synthesized by Turkevich method. Inspired by these two works, the researches on the application and production of nanoparticles became popular.
However, these methods rely on the addition of external chemicals to achieve the reducing reaction. Therefore, multiple chemical reagents should be mixed in the solution and then time-consuming heating, stirring and cooling processes are required to produce NP synthesis. In addition, the synthesized AuNP solution contains impurities produced from the reducing agent such as Na [6] . However, it is still challenging to produce pure gold nanoparticles without extra residual chemicals. Therefore, this study uses atmospheric plasma to provide ionized electrons for gold ion reduction. With this approach, no chemical reduction reagent is required to synthesize gold nanoparticles.
In general, plasma discharge is an efficient way to generate ionized gas molecules and free radicals such as H • and OH • radicals. The ionized electrons can dissolve in water and form hydrate electrons while plasma flame touching water, which is known as "plasma-liquid interactions, PLIs" [7] . These hydrate electron and free radicals are strong reducing agents to reduce dissolved metal ions into nano-particles. Atmospheric plasma is an ideal electron source for metal ion reduction in aqueous solution since no vacuum chamber is required to generate the plasma discharge. In this regard, synthesizing metal nanoparticles using atmospheric plasma has been attracted lots of intensions in recent years.
With the rapid development of microfluidic technology, microfluidic devices for on-chip gold nanoparticle synthesis have been proposed [8] . These chip-based devices have the advantages of minimized liquid volume needed, high efficiency and excellent controllability because of the characteristics of microfluidic system. Besides, it is also a good platform for continuously processing micro-chemical analyses. Therefore, this study aims to develop an integrated microfluidic chip for generating atmospheric plasma in a serpentine channel for simultaneously AuNPs reduction in plasma liquid segments. The reduced AuNPs are then capped with 3-MPA molecules for mercury ion (II) detections with UV-vis spectrometry. The developed microfluidic chip can quantitatively measure the concentration of Hg 2+ .
PRINCIPLE
Error! Reference source not found. shows the working principle for metal ion reduction using atmospheric helium plasma. A plasma jet is placed upon the solution surface of several mm. Helium molecules are then discharged under the applied electric field and the reactive species are then dissolved into the solution for reducing gold salt. Since the life time of these reactive species is short, no extra chemicals are required to synthesize AuNPs. Chemical residuals in the synthesized AuNP solution can be excluded with the plasma synthesis method.
Figure 1: The schematic view of gold ion reduction and gold nanoparticles synthesis using micro atmospheric helium plasma.
The parameters which may influence plasma liquid interaction include applied electric field, discharged current, gas flow rate and treating time. The plasma discharge can be terminated by removing the applied electric field and rapidly stop the reduction reaction. The synthesis process is also simply controllable by adjusting the applied current and voltage for plasma discharge. The normal synthesizing process of gold nanoparticles can be achieved in 5 to 10 minutes which is much faster than conventional methods. To achieve the chelation of mercury ions and the synthesized AuNPs, this study used 3-MPA to modify the plasma synthesized AuNPs. Figure 2 shows the aggregation mechanism of 3-MPA functionalized AuNPs and the color change of the AuNPs solution before and after adding Hg 2+ . The aggregation of the gold nanoparticle makes the color of the solution change from ruby red to blue. Hence, the concentration of heavy metal ions can be simply quantified through UV-vis spectrum.
EXPERIMENTAL SECTION Chip design and fabrication
Error! Reference source not found. presents the schematic drawing for the chip design of the developed integrated microfluidic chip. There are three major sections including a serpentine micro plasma channel for droplet-based AuNPs synthesis, a gas/liquid separation chamber and a UV-vis detection chamber. A T-junction channel is designed for generating gas-liquid segment flow while injecting helium and gold salt solution into the chip. The interdigitated electrode pairs are used to create dielectric barrier discharge of helium. The gas-liquid segments were then separated using the micro-structured chamber downstream. Liquid sample with AuNPs will be collected at lower chamber due to the surface tension. Alternatively, helium gas will be extracted to the upper chamber because of the density difference between helium and liquid while vertically placing the chip. The collected AuNP solution are then injected into the collection chamber for UV-vis detection of mercury ions.
Reaction zone
Gas-liquid separator Collection chamber Error! Reference source not found.presents the detailed fabrication process for producing the integrated chip for plasma AuNPs synthesis and Hg 2+ detection. Instead of using wet chemical etching processes for producing the microfluidic device, this study used low-cost laser ablation to pattern the microfluidic channel then bond onto a glass substrate with interdigital electrodes for plasma discharge. Firstly, a commercial electrostatic film with the thickness of 100 μm was patterned with laser cutting and then attached onto the glass slide as the patterning mas (Fig. 4a) . A 800 nm thick of aluminum layer was sputtered and lift-off by the electrostatic film to pattern the electrodes for generating plasma (Fig. 4b) . The patterned glass substrate was then bonded with a 170 μm coverslip as the dielectric barrier for plasma discharge (Fig. 4c) . The microfluidic structure was fabricated in a PMMA substrate with IR laser patterning (LaserPro Venus II, GCC company, Taiwan). A piece of high-performance double-side tape of 3M TM 467 was bonded onto a 1.8 mm thick PMMA substrate as bonding layer (Fig. 4d) . The laser for ablating the subtracted was set at 2.4 W with a spot moving speed of 25.4 mm/sec. 3M TM 467 is a waterproof tape which won't get burned or turned into black during the laser ablation process (Fig. 4e) . It is noted that the collection chamber was sculpted with a second laser ablation to increase the chamber depth to 1.6 mm. The deeper chamber depth significantly enhanced the effective light path during optical measurement. Moreover, an off-focus laser polishing process was adopted to smoothen the ablated surface to enhance the optical transparency and detection performance of the PMMA device. Finally, the patterned PMMA substrate and the glass substrate was bonded together using the 3M TM 467 paste to form the microfluidic device. Figure 5 is a simplified schematic showing the experimental setup for AuNPs synthesis using the developed device. A digital flow controller (5850E, Brooks Instrument, USA) was used to precisely adjust the flow rate of helium while the flow rate of gold salt solution was controlled by a syringe pump (KD Scientific, US). A home build high voltage AC power supply composed of a timer IC based square wave generator, power MOSFET amplifier and a high frequency transformer. The high-voltage power supply is capable of generating electric power of up to 20 kV PP in 1 to 100 kHz range for dielectric barrier discharge of helium. The optical detection scheme for the developed microfluidic chip is shown in Figure 6 . The microfluidic chip was vertically assembled on a designed cassette for UV-vis detection of the solution. A fiber-based light source (DT-mini-2, Ocean Optics, USA) and spectrometer (HR4000, Ocean Optics, USA) were used for quantitatively measuring the Hg 2+ concentration. Helium gas used in the present study was with the purity of 99.5%. The gold salt solution used in this study was prepared by mixing AuCl 3 (Acros Organics, Belgium) with hydrochloric acid with the Au 3+ concentration of 1.0 mM. The 3-MPA for functionalizing gold nanoparticles and HgCl 2 for preparing standard solution mercury solution were both form Alfa Aesor, USA. Results and discussion Figure 7 shows the result for generating micro-DBD plasma in the serpentine channel. It is clear that uniform plasma discharge was successfully produced for AuNPs reduction. Figure 7b shows the liquid-gas separation chamber and the UV-vis detection chamber for colorimetric detection of Hg 2+ . This study used 3-mercaptopropionic acid (1% v/v) to functionalize the gold nanoparticles due to better detection selectivity and sensitivity to Hg 2+ ions [2] . The color of the synthesized gold salt solution will change from red to blue after adding 0.2 μL of sample solution into the chamber. Figure 8 shows the spectra of AuNPs synthesized with different working currents with different treating times. According to the study from Doak et al. in 2010 [9] , the width of absorbance spectrum represents the uniformity of the particle size such that the particles synthesized with higher working current showed better uniformity due to rapid reduction of AuNPs and less chance for aggregation. Since the developed approach does not require extra chemical as reduction agent, the shape and size of synthesized particles can be easily modified by adding capping agent. Figure 9 shows the TEM images for two AuNPs produced without (Fig. 9a) and with (Fig. 9b) adding the capping agent of citrate. Results showed that the uniformity of shape and particle size have a great improving after adding capping agent. Figure 10 shows the measured absorbance spectrum for detecting Hg 2+ solutions of different concentrations with 3-MPA functionalized AuNP solution. The control group used in this test was the same AuNP solution added with DI water of the same volume. The results showed the developed microfluidic chip provided a sensing performance of about 10 -6 M limit of detection, which was equivalent to the sensing performance of typical large-scale batch process. The microfluidic device developed in the present study provided an integrated and a successive process for AuNPs synthesis and mercury ion detection. 
Experimental setup

CONCLUSION
In this study, a new method for on-site and on-demand AuNPs synthesis using atmospheric plasma was developed. Gold ions could be reduced without chemical residuals in the solution due to the direct reducing reaction of the hydrate electrons produced by the atmospheric plasma. The plasma discharge, AuNPs synthesis, liquid-gas separation and Hg 2+ detection could be achieved in a single microfluidic chip. For the detail of the particles, the size, morphology, uniformity of synthesized AuNPs could be adjusted by tuning the plasma discharge conditions and adding capping agents. Finally, the results showed that the developed method could detect Hg 2+ with LOD concentration of 10 -6 M (0.2 PPM) using 3-MPA functionalized AuNPs.
